have shown that the Fe2+ complexes of ethylenediaminetetraacetic acid (EDTA) adducts of molecules that bind strongly to double-stranded DNA can be used to cleave DNA. In the presence of 02 and dithiothreitol, the Fe2+ EDTA moiety acts as a source of free radicals, which bring about the cleavage of the DNA backbone by attack on 4' carbon atoms. When EDTA is attached to ethidium bromide, which binds strongly to DNA but with relatively low specificity, the DNA backbone can be cut at many points (1); when EDTA is attached to distamycin or synthetic analogues of distamycin, compounds that bind to A+T-rich regions of DNA, cleavage is restricted to points close to the specific binding sites (2) .
We have recently developed a versatile method for the attachment of small organic molecules to the 5'-terminal phosphate of an unprotected oligonucleotide or oligodeoxynucleotide in aqueous solution (3) . As an obvious extension of Dervan's work, we have used this method to attach EDTA or diethylenetriaminepentaacetic acid (DTPA), via an ethylenediamine spacer, to the 5' terminus of a specific hexadecanucleotide (16-mer) and used this adduct to cleave a 37-mer that includes a subsequence complementary to the 16-mer (Fig. 1) . A restriction-enzyme analogue of this type could, in principle, find many applications if it could be made sufficiently efficient and specific in its point of attack.
MATERIALS AND METHODS
[y-32P]ATP (3000 Ci/mmol; 1 Ci = 37 GBq) was purchased from Amersham and ethylenediaminetetra [2-14C] acetic acid (4.34 mCi/mmol) was from ICN Pharmaceuticals. The anhydride of DTPA was synthesized as previously described (4 Autoradiography of the gels was carried out at -80'C on Kodak X-Omat AR film either with or without a DuPont Cronex Lightning Plus intensifying screen. Gel bands were quantitated by slicing them out from each lane and measuring their radioactivities in a Beckman scintillation counter. To obtain appropriate markers of known length, we used the Maxam-Gilbert method, cutting specifically at G residues (7).
Synthesis of Oligodeoxynucleotides. Oligodeoxynucleotides were synthesized on an Applied Biosystems Synthesizer model 380 via the solid-phase phosphoramidite method. We
prepared two sequences, C-A-C-A-A-T-T-C-C-A-C-A-C-A-A-C (16-mer) and T-C-G-T-A-T-G-T-T-G-T-G-T-G-G-A-A-T-T-G-T-G-A-G-C-G-G-A-T-A-A-C-A-A-T-T-T (37-mer).
The 37-mer corresponds to residues 6164-6200 of the phage ml3mp8 (+) strand and the 16-mer, which is available commercially, is complementary to an internal segment of the 37-mer (Fig. 1) .
The 16-mer was recovered from the synthesizer as the detritylated derivative. After removal of the N-protecting groups with 37% NH40H at 650C for 16 hr, the 16-mer was purified by chromatography on Sephadex G-50 with 0.01 M triethylammonium bicarbonate at pH 7 and then purified by HPLC on RPC-5 with 0.002 M Tris, pH 12, on a 0.026-0.066 M sodium perchlorate gradient. The purified 16-mer, when cochromatographed on RPC-5 with the same sequence purchased from New England Biolabs, eluted as a single sharp peak. The 37-mer was recovered from the DNA synthesizer as the 5'-dimethoxytritylated derivative. After treatment with NH40H for 16 hr at 650C, the 5'-dimethoxytritylated derivative was separated from failed sequences containing 5'-terminal hydroxy groups on a C18 cartridge (Sep-Pak, Waters Associates) by successive elution with 10% and then 30% (vol/vol) acetonitrile in 0.1 M triethylammonium bicarbonate at pH 7 as previously described (8). The dimethoxytrityl groups were removed by allowing the product to stand at room temperature in 80% (wt/vol) acetic acid for 15 min. After evaporation of the acetic acid, the 37-mer was purified on RPC-5 by HPLC at pH 12, using a 0.05-0.07 M perchlorate gradient.
Abbreviations: EDTA, ethylenediaminetetraacetic acid; DTPA, diethylenetriaminepentaacetic acid; 16-mer, oligodeoxynucleotide Conversion of the 5'-P-16-mer to an Ethylenediamine Adduct. The ethylenediamine adduct (5'-EDA-P-16-mer) was prepared by using methods previously described (3) and as outlined in Fig. 3 . The 5'-P-16-mer (2.5 A254 units) was first converted to the 5'-phosphoroimidazolide (5'-Im-P-16-mer) by treatment with 0.12 M 1-ethyl-3,3-dimethylaminopropyl carbodiimide in 0.1 ml of 0.1 M imidazole HCl buffer at pH 6.1 for 1 hr at room temperature. The product was obtained in approximately 80% yield and was separated from the 5'-phosphate derivative by HPLC on RPC-5 (Fig. 2) . It was then converted to the 5'-ethylenediamine adduct by treatment with 0.25 M ethylenediamine at pH 7.7 for 1 hr at 500C as previously described (3) . The yield in this step was greater than 95%. The ethylenediamine adduct was purified on RPC-5 by HPLC (Fig. 2) , dialyzed against 0.001 M Hepes buffer at pH 7.7, and isolated by lyophilization.
Synthesis of the EDTA Adduct and the DTPA Adduct of the 16-mer. The purified 5'-EDA-P-16-mer (0.1 A254 unit) was allowed to react for 30 min at room temperature with EDTA anhydride at 10 mg/ml in 0.2 M Hepes buffer at pH 7.7. The entire reaction mixture was then applied to an RPC-5 column and the EDTA product (5'-EDTA-P-16-mer) was separated from the starting ethylenediamine adduct by elution at pH 12 with a 0.026-0.066 M perchlorate gradient (Fig. 2) . The product eluted with a different mobility from either the starting ethylenediamine adduct or the 5'-P-16-mer. The yield of the EDTA adduct was greater than 90%.
The attachment of EDTA to the oligonucleotide was confirmed by repeating the synthesis with [2-14C]EDTA anhydride. The ethylenediamine adduct of the 16-mer (0.1 A254 unit) and [2-14C] EDTA at 7 mg/ml (2.2 mCi/mmol) were allowed to react in 0.1 ml of 0.2 M Hepes buffer at pH 7.7 for 30 min at room temperature. When the reaction mixture was applied to an RPC-5 column, the majority of the recovered radioactivity was found with the EDTA in the void volume. The only other ultraviolet-absorbing peak containing radioactivity was associated with the main product of the reaction, the 5'-EDTA-P-16-mer. From its ultraviolet absorbance at 260 nm and its specific activity, this peak was found to contain very close to one mole of [2-14C] 
ETHYLENEDIAMINE
Proc. Natl. Acad ScL USA 82 (1985) Proc. NatL Acad Sci. USA 82 (1985) 965 lowed to react similarly with 5'-P-16-mer, no new product was formed, indicating that the reaction site of the EDTA was the free amine of the ethylenediamine group, and not the bases. The EDTA adduct of the 16-mer was stable when left for 18 hr at pH 7.6 and 50'C.
The DTPA adduct of the 5'-P-16-mer was prepared by the same procedure. The yield of 5'-DTPA-P-16-mer was greater than 90%, and the final product was readily purified by chromatography on RPC-5. (2) . A further control experiment including Fe2+ and dithiothreitol but omitting all 16-mer derivatives was carried out at the same time.
Reaction of
After 1.5 hr, the cleavage reaction was stopped by addition of EDTA to give a final concentration of 1 mM. The solution was then diluted to give a final solution 0.1 M in NaCl, and the oligonucleotides were precipitated with EtOH. An aliquot containing approximately 3000-5000 cpm was heated briefly with 70o (vol/vol) formamide and loaded onto a 20% polyacrylamide gel containing 8 M urea. Electrophoresis was carried out at 200 V at pH 8.1 for 3.5 hr. Autoradiography was carried out as described above.
RESULTS
Cleavage of [5'-32P1-37-mer. Even with 1 mM Fe2+, in the presence of the excess of poly(A) used in these experiments, only minor nonspecific cleavage throughout the length of the molecule was observed. When poly(A) was omitted from the standard cleavage experiment, extensive nonspecific degradation of the [5'-32P]-37-mer occurred (results not shown), indicating that the poly(A) was acting as a free radical trap, eliminating damage caused by radicals generated by Fe2+ ions that were not anchored near the target 37-mer.
In experiments using 5'-DTPA-P-16-mer in place of the 5'-EDTA-P-16-mer, cleavage occurred in the same places as *Concentrations of the 16-mer or 37-mer are always specified as pmol of 5' ends. with the EDTA adduct, and with comparable efficiencies.
In our standard reaction mixture the 5'-EDTA-P-16-mer was present in approximately 20-to 30-fold molar excess over the [5'-32P]-37-mer. Essentially the same results were obtained when the [5'-32P]-37-mer concentration was held constant and the ratio of 16-mer to the 37-mer was increased to 70 or decreased to 7. At lower ratios the yield of cleavage products decreased. In the presence of a 20-to 30-fold excess of the 5'-EDTA-P-16-mer, the efficiency of cleavage did not change significantly when the Fe2+ was lowered from 0.06 to 0.01 mM Fe2+, but it decreased substantially when the Fe2+ concentration was lowered to 0.001 mM. The results indicate a major cleavage by the 5'-EDTA-P-16-mer to give a 26-mer with additional breakage at adjacent residues. A second group of cleavages occurs 16-18 bases from the 5' end of the 37-mer.
Identification of Cleavage Products of [5'-32P]-37-mer with
When the total radioactivity in lanes [2] [3] [4] [5] (Fig. 4) A reagent that prevents a specific single-stranded RNA from participating in protein synthesis in vivo would obviously have many important applications (11) . Reagents that react with the RNA need not cleave the target but could instead combine irreversibly with it. Such a reagent must be efficient within the intracellular environment and specific in attacking only the target RNA, but it need not be specific in its point of attack on that RNA. We believe that it will be possible to design such reagents.
